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Intermolecular **F-"H cross-relaxation is measured using het-  Cross-relaxation NMR spectroscopy has been successfully &
eronuclear Overhauser effect NMR spectroscopy (HOESY) in the plied to the hydration of biomoleculed¥, 14 and tissues
micellar solut_ion of cesium penta?ecegluorooctanoate._The results (15-17, but to date there have been only a few such studies
are analyzed in terms of a Weal.( H-"F cross-relaxation .between surfactant systems. Those experiments often detected the F
the water protons and the fluorines in the fluoroalkyl chain and a .
strong *°F—'°F cross-relaxation within the fluoroalkyl chain. The eronuclear cross-relaxation between water protons and nuc
water—surfactant cross-relaxation indicates a water approach to ©Of SOme nonprotonated atoms, such as'fi@in the carbox-
the first CF,, segment in the order of 2.0 A and a short (<ns) water  Ylate group of octanoated(10 or the *'P in the phosphate
residence time. Evidence of fluorine hydration further inside the group of phosphatidylcholine8), and provided information
micelle is presented.  © 1998 Academic Press about the average water distance to those atoms.

Key Words: cross relaxation; HOESY; surfactant; water; micelle. Our study is motivated by two recent cross-relaxation exper
ments {8, 19, both of which seem to indicate long water resi-
dence times in the headgroup region. Such a claim (i.e., long wa
residence times in fully hydrated systems) contradicts a hu

The state of interface between surfactant aggregates and 3funt of earlier evidence from NMR relaxatid {) as well as
solvent, which is most often water, has been the subject of £52M neutron scattering?0, 2J). Cross-relaxation is, however, a
tensive studies. Since the presence of water mediates the h&afer direct method for measuring the order of magnitude of tf
group—headgroup interaction, the water in the headgroup regi¥ater residence time via the sign of the observed cross-relaxati
has profound importance for the phase behavior of surfact&ffe; & negative rate indicates a lorgng) residence time while a
systems. There are three main NMR approaches to this probl@@sitive rate implies a short¢ps) residence time, and those two
two of which, based on measuring the self-diffusion and the sgicent studies observed negative cross-relaxation rates (in form
relaxation of water, are the more traditional ones. The wate@sitive NOESY cross-peaks) between water and headgroup p
diffusion method 1-5 uses the fact that the water in the intertons. Since traditional tools could be classified as indirect in th
face region has a lower mobility than that in bulk water anistance, a finding with a “direct” method such as cross-relax
that the water is (on the time scale of the experiment) in faation (where the sign of the cross-relaxation rate provides a “nu
exchange between the interface and the bulk regions. Thus, élxperiment”) that contradicts common belief should not just b
measured diffusion coefficient is the population average of theglected. Therefore, we chose to present here some rela
diffusion coefficients in those two regions. The water relaxatioesults on a perfluorinated surfactant where, insteadHefH
method 6, 7) is usually based on the quadrupolar relaxation ®OESY, we look at the cross-relaxation between water protor
the water nuclefH or 1’O and works under the same principleand thel®F nuclei in a perfluoroalkyl chain (we note that the
with the important difference that the slower water dynamiéSF—'H HOESY experiment has already been applied to hydratio
in the interface region is detected via the increased relaxatigiidies of a fluorinated protei2)). The *%F andH resonance
rates. The dynamical (i.e., how much is the water motion rEdUOF?équencies are very close, and thereforedft¢—F) = 6J(w,, +
at the interface) and the population (i.e., how many water molgﬁ) — Jwy — wg) cross-relaxation ratel{) can become nega-
cules hydrgte the headgroups) information cannot be easily sgps. just as a homonucledH-'H cross-relaxation rate in the
arated by either method. . absence of extreme narrowing provided that the correlation tin

The third NMR approach8(~10) observes the dipolar cross-gegcriping slow motion is of the order or larger than 18. On
relaxation (1, 19 between the water and the surfactant sping,e gther hand, th&H—1F arrangement is convenient (as com-

pared to'H-'H experiments) as it makes simple to perform les:
1 To whom correspondence should be addressed. time-consuming 1D cross-relaxation experiments.
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FIG. 1. TheF spectrum of the investigated CsPFO/water system. The assignment of the peaks detertiRe2Db@OSY spectroscopy is also indicated.

EXPERIMENTAL effect (HOE) experiments, shown in Fig. 2, is derived from the
one used earlier forH-**C 1D HOE experiments9j by
Cesium pentadecafluorooctanoate (CsPFO), prepared asygigracing the initial inversion by saturation in order to avoic
scribed elsewhere2@), has been mixed with doubly distilled 3ny problems associated with radiation damping. The quali
H,0. The sample of neutral pH has 42.6 wt% surfactant whigfj the RF defocusing (“saturation”) pulses has been controlle
means that there are about 40 water molecules per surfactgpttest experiments with ar{2) pulse placed after the satura-
At 45°C, where the NMR measurements were performed, then pulse; the detectetfF signal was less than 30% of the
sample is in the isotropic micellar phasl). Correspondingly, smallest cross-relaxation peaks. THE peak intensities re-
the *F NMR spectrum, shown in Fig. 1, provides peakgorded at different mixing times, and relative to the single-
without dipolar splittings. pulse'°F reference spectrum with the same number of scar
All experiments involving the fluorine nucleus have beefye shown in Fig. 3; significant cross-relaxation responses
performed at 4.7 T using a homebuilt NMR spectrometghserved for FF,. It can be noticed that ~F, curves are
equipped with a homebui’C-"H-"*F-H double-coil, qua- virually identical, indicating efficient spin diffusion along this
druple-tuned probe. The longitudinal relaxation time of watef,orine spin system. Attempts to meastite-"3C cross-relax-
'’0 has been measured with the same spectrometer and willign were carried out by a similar method with additiona
standard homebuilt broadband probe. fluorine decoupling during acquisition. Since the significan
The *F spectrum has been assigned by a 2D COSY exp@[gnal overlap (F-F.) and the strong spin diffusion (see be-
iment (result not shown). In contrast to alkanes, the four-bof{y) render a 2D NOESY experiment excessive and less hel
F-C-C—-C-H-couplings are usually larger than the three-bong}| in elucidating *F—'%F cross-relaxation, we therefore de-

F-C—C—F J-couplings £5), and therefore the most intenseided to rely on a 1D experiment that consists of selectivel
COSY cross-peaks are expected between fluorines in the sec-

ond-nearest CFgroups. The assignment given in Fig. 1 is

based on the profound,FF,—Fs—F; and F—F—F, connectivi- Defocusing
ties; the chain positions are numbered from the carboxylate
carbon, and thus the first fluorine ig &Bnd the last one isg~
Since signals from fand K coincide, only the sum of their 'H
intensities (F_g) can evidently be considered.

Water'H and surfactant®F nonselective longitudinal relax- Defocusing 2
ation timesT, were measured by saturation-recovery, water %
0 T, by inversion recovery, and the carboxylat€ T, by the
SUFIR method26). Cross-relaxation between carboxyldte  “r
and F, was estimated through the NOE factor by comparing
carbon intensities under continuous and gated (during acquisiz ;s »  The pulse sequence used for TBI-F HOE experiments.

tion) decoupling conditions, respectively. Defocusing (saturation) schemes consist of two long pulses with differe
The pulse sequence fdfF-*H heteronuclear Overhauserphases, typically (4 mg8 ms),. *H saturation is applied in every other scan.

H+
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X “bound” water molecules, we obtain a correlation timgof
05 L about 4.5 ps, which is about 2.5 times the value found in bul
water at 45°C 1, 298.

Next, the constraints of the analysis that are imposed on us |
the particular structural features and relaxation behavior of tt
system have to be investigated. The recovery of thsighal in
the selectivéF saturation (on §j experiment showed the selec-
+ tive longitudinal relaxation rate of,fo be about 2.5 times larger
(Table 1) than the nonselective longitudinal relaxation rate of th
same nucleus. This fact, together with the observed weak variati
0.1 1oy of the nonselectiv&;, clearly indicates that the spin diffusion is
fe rapid along the alkyl chairl(). In other words, a (weak) selective
0.0 1 \ 1 . 1 . ! perturbation of the equilibrium magnetization effects the chai

0 1 2 3 4 homogeneously on thel s timescale. Second, because of the
Mixing Time (s) larger C—F bond length2@), the all-trans (for the carbons) dis-

FIG. 3. The observed HOE (by the experiment in Fig. 2) peak intensities ;[r? nce between second-neighbor (e.g., betwgené ) fluorines

percent units (relative to those in a 90°-pulse spectrum of equivalent number of scé?ls?ma"er than the all-trans distance between next-neighbor flu
determined at different mixing times fog B0), F, s (X), F, (), Fs (+), and £ (@).  rines (K, and k). Therefore, the cross-relaxation between secon
For each mixing time, 4000 transients were accumulated with a recycle time of 2@igighbor fluorines could not be neglected (as perhaps in protc
T_he solid lines a_lre the_ resu_lts of the fits as described in the text. The experimental egpad chainsi’O)) in a detailed analysis. These two points, togethe
given for the k intensities, is about the same for the other peaks as well. : S :
with the R—F5 spectral overlap, indicate that the relaxation be
havior of the F_; fluorines cannot be treated separately. On th
saturating 5 and monitoring thereafter (i) the recovery of F positive side, it is then a good approximation to represent the:
and (i) the time course of all other signals which are rathdiorines as a single pool of longitudinal magnetization. Withir
similar to each other. Selective saturation was achieved by thiés model it is straightforward to analyze the recovery curves c
DEBOG sequence2), and a typical result is shown in Fig. 4.the F;_; peaks (see Fig. 4 for a typical spectrum) in the selectiv
19 saturation experiment; from the initial behavior of the relevar
RESULTS AND DISCUSSION evolution curves we derived an estimateder_g__(see Table 1).
As also indicated by the sign of the, E peaks in Fig. 4, this
The first piece of information that is required for the analysisross-relaxation rate is negative, which again shows that t
of the cross-relaxation data is the number of water molecules thato-frequency spectral density, included in the relaxation rates,
are found in the headgroup region of the surfactant (“bourdrge and therefore the spin diffusion along the chain is rapid.
water”). In dilute micellar phases, this quantity has often been Within this approximation we can quantitatively analyze the
estimated by directly comparing the self-diffusion coefficierdross-relaxation data in Fig. 4. Since one can anticipate that t
of water in the micellar sample to its bulk valug-§). In the water—surfactantH—"F cross-relaxation rate is much smaller
present dense (almost 30% volume fraction) micellar system, tthan o, , the short-time expansion of the relaxation matrix
strategy cannot be followed since obstruction effects significan{§0) is less suitable for describing the qualitative features of th
reduce the long-range translational diffusion coefficigf};thor- experimental data. Therefore, we fitted the relaxation data to tl
ough analysis of the water diffusion and quadrupolar splitting ddtal solution of the following extended Solomon equati@i)
in the nearby nematic phase of the same system yielded the most
plausible number of water molecules per headgroup as about 6
(29. We assume the same number of “bound” water molecules = |1 _ —RIY - 1218) - 1207, (17 — 215,
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03 |-
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X
»

in the micellar phase. dt*
As has been amply demonstrated earlief7, the dynamics

of the water molecules associated with the headgroup region is

slowed down as compared to that in bulk water. The analysis

of the diffusion data cited above has also indicated that the 172 = —RP(15 — 2I5) — 20y, (15 — 1215,

diffusion coefficient of the water molecules in the headgroup

region is 2—3 times lower than the bulk value. In our analysis — 200, ,(157 = 10l Eq)

(see below) we shall assume that the dominant dynamical

mode to cause the observed cross-relaxation is the tumblingof d _ TR

water molecules in the bound state for which the correlation dt 127 = —RE(IE7 = 101 — 1001e,(1Y — 12159

time can be evaluated by comparing tH® relaxation rates

(Table 1) in the micellar sample and in bulk. Assumbhig- 6 — 1007, (17°—215). (1]

— 120y, (157 - 1015,
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FIG. 4. The°F spectrum obtained by subtractid®) of the following two experiments: [Fselective saturation} Acquisition; [F, selective saturation}
t, — Acquisition witht,, = 500 ms.

In this equationjgq andIZq represent the equilibrium magne-in an error of about 10% (or less) in the obtained cross
tization of one proton and one fluorine, respectively, whereeslaxation rates.

any cross-relaxation rate is considered to involve only a One important finding is the positive sign of the cross:
single pair of nuclei. The longitudinal magnetizations are conelaxation rateryg, = [6J(wy + wg) — @y — wg)], which
sidered for all spins in the three respective groups; the numledicates extreme narrowing and, thus, a shethg) resi-
of spins in each group are accounted for in Eq. [1] by th#ence time for the interfacial water. The two recent studie
appropriate coefficients in each ter®l). From the experi- (18, 19 that found negative cross-relaxation rates betwee
mental dataR{, OuE, andoye,  were adjusted (the results arevater and surfactant or lipid headgroup protons were pe
collected in Table 1) in the fitting procedure, while - _and formed in systems where exchangeable protons (hydrox
Rz were fixed to the values derived from the fluorine experand amine) exist in the headgroups. Most probably, thos
ment with selective saturatiof*>, which anyway has only exchangeable and indeed fast-exchanging protons (inste
minor influence, was set to an estimated value slightly smallef protons belonging to water molecules hydrating the heac
thanR2 This last point means that no error is given in Tablgroups) are the source of the observed large and negati
1; we estimate that experimental uncertainty (see Fig. 3) resudtess-relaxation rate of those studies.
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TABLE 1
Longitudinal Relaxation Parameters (s™%)
Ry(H3"0) R,(H-0) Ri(**C) Ry(*F) OH,0-1% OF,— 1% 1%
Sample (total) 101 0.24
Sample (bound) 0.08
Pure water 65
Carboxylate 0.067 0.144
F, nonselective 0.92
F, selective 222
F5_g nonselective 0.99
Fg nonselective 0.92
F, nonselective 0.85
F, 1.9 10°%°
Fs 7.1 104 -3.91022

2 Directly measured.
b Extracted from the fit of data sets to Eq. [1] (see text).

The magnitude of the cross-relaxation rate between theSince the fluorines farther away from the micellar surfac
water and the first segment of the fluoroalkyl chain of thikad to be grouped together during the analysis, informatic
surfactant molecule is in agreement with the findings of prabout water approach to those individual fluoromethylen
vious experimentsg—10. (Those studies probed heteronuclejroups is not available. There are two important points t
such as'*C and®'P, which means that the sign of the obtainethake, however, from the obtained valueagfy, . First, there
cross-relaxation rate between headgroup and water spins wgasglearly a significant cross-relaxation between water an
not informative about the water residence time because of thgorines farther down on the fluoroalkyl chain. In other words
small difference between th#{wy — wy) and J(wy + wx) more than one fluoromethylene group is in contact with wate
spectral densities, where, and wy are proton and hetero-for which previously there has only been indirect evidenc
nuclear angular frequencies, respectively.) Now we can ten{@; 3. Secondly, the obtained value far,e,  cannot be
tively expressoie, as a function of a dynamical averagesmaller than the real value fot,e . This, under the assumption
distancer (9) and of the “bound” water rotational correlation of identical water approach, prov|des|\a_ 2 upper limit for

time (v, = 4.5 ps) as the water coordination of the second fluoromethylene group
One should note that a frequently cited experim&3) pn

1 (yuyeh)? the water penetration in micelles has already aimed at tt

0wk = 5 (477) 6 To (2] intermolecular water—fluorine relaxation. In that study a 0.0

s ! difference (with a precision in the same order) between th

where the various symbols have their usual meaning. Using thE relaxation rates of Fin sodium pentadecafluorooctanoate
experimental value of,, given in Table 1, we obtain 2.0 A micelles in HO and D,O has been observed and ascribed t
for r. However, this result must be considered with soni@e intermolecular relaxation contribution from water. Becaus
caution for the following reasons: (i) we assume that onBf the detection mode (i.e., the measurement of a small diffe
rotational motions contribute to intramolecular cross-relagnce of two large quantities), no effect was found on the oth
ation; (i) we retain the water correlation time, derived in #uorines in the fluoroalkyl chain; this should compare to ou
rather indirect way; and (iii) we consider a homogeneous pogisults.

of water, with the protons in each molecule supposedly at theAdditional information about the arrangement of water mol
same distance to the fluorines in the Qffoup. (On the other ecules could be obtained from the cross-relaxation rate b
hand, because of the large powerrdh Eq. [2], the distance tween the water protons and the carboxyfét@ nucleus. The
parameter is rather forgiving to errors; a factor 2 change. in longitudinal relaxation rate and the cross-relaxation rate to F
leads to a mere 12% error inln any case, a X 107 °m?s were readily available for the carboxylate carbon (see Table 1
translational diffusion coefficient for the “bound” water mol-However, numerous attempts (by a similar experimental pre
ecules provides about 20 ps average time for changing the Hse€lure as for proton—fluorine cross-relaxation, but with add
separation by 1 A; this rough estimate indicates that it t®nal fluorine decoupling during the acquisition) to detec
reasonable to assume rotational motions to dominate the crqgg®ton—carbon cross-relaxation were totally fruitless. Nevel
relaxation.) The obtained value &, which is obviously far theless, taking into account the signal-to-noise ratio of a re
too small, is probably a fitting artifact; this parameter is ierence experiment and with the help of all other relaxatio
strong covariance with the fixed - _ and R, parameters, we were able to estimate an upper limiofQy,
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which is about 4x 10 % s . This corresponds to 1.8 A 8.
distance between water protons and the carboxylate carbdh,
which is not inconsistant either with the fluorine results or Wlth
results obtained in protonated analogu@s (

11.
CONCLUSION

Because of the large chemical shift range and the lar
magnetogyric ratio of %F, *H-°F cross-relaxation studies be-,
tween water protons and surfactant fluorines are potentia{lé(:
helpful in elucidating water contact with amphiphile mole-
cules. As shown above, some particular features®B&F
cross-relaxation within the fluoroalkyl chain only allowed ans.
analysis of the experimental data in terms of a crude model,
which, however, still provided us with the water—surfactant
cross-relaxation rate ascribed to the first,Gdegment. The !
small and positive cross-relaxation rate clearly provides, in
agreement with overwhelming previous eviden8g7j and in ;g
contrast to some recent finding$8( 19, a short water resi- 19
dence time in the headgroup region of this surfactant. The
obtained distance between water protons and the first CB®.
segment is rather small, indicating strong water penetration to
the depth of the first alkyl chain. Similarly to indirect evidencél-
in hydrogenated homologous systenis 32, we also obtain
clear indication of nonnegligible hydration of fluorines farthe?r2
inside the micelle. 4
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